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TITLE OF THE INVENTION 

Quantum Cascade Laser 
BACKGROUND OF THE INVENTION 
Field of the Invention 
5 [0001] This invention concerns a quantum cascade 

laser that makes use of intersubband transitions in a 
quantum well structure • 
Related Background Art 

[0002] Light of the middle infrared wavelength 

10 range (for example^, wavelengths of 3 to 10^) is deemed 

important in various fields, such as medical fields, 
biomedical measurement, environmental measurement, etc. 
There are thus increasing needs for a high-perf ontiance 
coherent light source for this wavelength range. 

15 [0003] However, a laser light source using normal 

interband transitions operates only at low temperature 
in the middle infrared range, and a laser light source 
capable of operation under room temperature, continuous 
(CW) emission operation, or high output operation, etc, 

20 has not been realized. The realization of a high- 

performance laser light source that can take the place 
of carbon dioxide gas lasers, which have been used 
since priorly as coherent light sources for the 
infrared range, solid-state lasers, which use 

25 'wavelength conversion optical crystals^ free-electron 

lasers, which accompany large-scale facilities, etc.. 
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(see for example, the literature, C. Sirtori et al., 
"Low-loss Al-free waveguides for unipolar semiconductor 
lasers", Appl . Phys. Lett- vol. 75 (1999) pp. 3911- 
' 3913.) is to be hoped. 
5 SUMMARY OF THE INVENTION 

[0004] The development of quantum cascade lasers 

as infrared light emitting elements making use of 
semiconductor materials has been progressing in recent 
years, A quantum cascade laser is a laser light source 
10 that generates light by making use of intersubband 

transitions in a quantum well structure with low 
temperature dependence, and, in principle, can generate 
light in the wavelength range of approximately 3 to 
70fim. 

15 [0005] Also with a quantum cascade laser, a high 

output is enabled by a cascade structure in which 
quantum well light emitting layers are disposed in 
multiple layers. A quantum cascade laser furthermore 
has great potential as an infrared coherent light 

20 source due to being a unipolar device that makes use of 

intersubband transitions as mentioned above and not 
having a' PN junction, being able to generate ultrashort 
pulse light at a frequency response of high speed, 
being small in relaxation oscillation, enabling 

25 multiple wavelength emission and broadband emission, 

and being excellent in temperature characteristics. 
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[0006] As such a quantiim well cascade laser, a 

quantiim cascade laser (InP-QCL) using an InP substrate 
as the semiconductor substrate is mainly known, A 
quantum cascade laser (GaAs-QCL) that uses a GaAs 
5 substrate, which is more inexpensive and better in 

crystal properties than InP, has also been developed. 
For example, a quantum cascade laser- (GaAs-QCL) that 
uses a GaAs substrate as the semiconductor material of 
the substrate is disclosed in the abovementioned 

10 literature* With the GaAs-QCL described in this 

literature, the active layer is arranged from a 
GaAs/AlGaAs layer, and between the GaAs substrate and 
the active layer, a waveguide clad layer {n*'*'-type GaAs 
layer) and a waveguide core layer (n-type GaAs layer) 

15 are disposed in that order from the GaAs substrate side- 

It is reported that laser emission of a wavelength of 
9\m was achieved at a temperature of 77K by this 
arrangement . 

[0007] When such a quantum cascade laser is to be 

20 used as an infrared laser light source, the optical 

loss due to waveguide loss within the laser, etc., 
becomes a problem since the infrared light that is 
generated is of long wavelength. That is, in a 
waveguide structure inside a laser in which infrared 
25 light is guided> the light undergoes free carrier 

absorption at an absorption coefficient a, expressed by 
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the following equation . 
[0008] a = Ne^AV (JcncV*^) 

In this equation, N is the carrier density, e is the 
unit charge, A is the wavelength of light, n is the 
5 refractive index, c is the speed of light, m* is the 

effective mass of an electron inside the waveguide, and 
T is the relaxation time, 

[0009] As can be understood from this equation, 

the free carrier absorption that occurs in the 

10 waveguide structure inside a laser increases in 

proportion with the square of the wavelength A of light. 
The waveguide loss of generated light, due to free 
carrier absorption inside the laser, is thus problem in 
a quantum cascade laser that generates infrared light 

15 of a long wavelength. 

[0010] This invention has been made to resolve the 

above problem and an object thereof is to provide a 
quantum cascade laser, with which the waveguide loss of 
generated light within the laser is lessened. 

20 [0011] In order to achieve the above object, a 

quantum cascade laser by this invention comprises: (1) 
an active layer, having a cascade structure, in which 
quantum well light emitting layers and injection layers 
are laminated alternately on a semiconductor substrate 

25 formed of GaAs, and generating light by intersubband 

transitions in a quantum well structure; (2) a 
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waveguide core layer, formed adjacent the active layer; 
and (3) a waveguide clad layer, formed adjacent the 
waveguide core layer at the side opposite the side of 
the active layer; and wherein (4) the waveguide core 
5 layer is formed of a group III-V compound semiconductor, 

containing, as the group V elements, N and at least one 
element selected from the group consisting of As, P, 
and Sb, and formed so as to be lattice matched with the 
semiconductor substrate . 

10 [0012] This invention also provides a quantum 

cascade laser comprising: (1) an active layer, having a 
cascade structure, in which quantum well light emitting 
layers and injection layers are laminated alternately 
on a semiconductor substrate formed of InP, and 

15 generating light by intersubband, transitions in a 

quantum well structure; (2) a waveguide core layer, 
formed adjacent the active layer; and (3) a waveguide 
clad layer, formed adjacent the waveguide core layer at 
the side opposite the side of the active layer; and . 

20 wherein (4) the waveguide core layer is formed of a 

group III-V compound semiconductor, containing, as the 
group V elements, N and at least one element selected 
from the group consisting of As, P, and Sb, and formed 
so as to be lattice matched with the semiconductor 

25 substrate- 

[0013] With the above-described quantum cascade 
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laser, in the waveguide structure for the active layer 
in which quantum well light emitting layers are 
disposed in multiple stages with injection layers in 
between, a waveguide core layer, for guiding the 
5 infrared light or other light generated inside the 

laser, is formed using a group III-V compound 
semiconductor, containing N (nitrogen) as the group V 
element. 

[0014] With an arrangement in which the core layer 

10 is formed of such a semiconductor material, the 

waveguide loss of generated light, due to free carrier 
absorption inside the laser, is reduced. Also with 
this waveguide structure, the effective refractive 
index of the waveguide core layer increases* The 
15 thickness of the waveguide core layer and clad layer 

necessary for light containment can thereby be made 
thin. 

[0015] Here, the waveguide core layer is 

preferably formed to a predetermined thickness that is 

20 set so that optical modes of higher orders will not be 

guided. By doing so, the light generated inside the 
laser can be guided and output satisfactorily. 
[0016] Also, the waveguide clad layer preferably 

contains a high-concentration doped layer formed of a 

25 group III-V . compound semiconductor, containing, as the 

group V elements, N and at least one element selected 
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from the group consisting of As, P, and Sb. The light 
generated inside the laser is thereby restrained from 
leaking to the plasmon mode- 

[0017] This invention also provides a quantum 

5 cascade laser comprising: a semiconductor substrate 

formed of GaAs; and an active layer, disposed on the 
semiconductor substrate and having a plurality of 
quantum well light emitting layers, generating light by 
means of intersubband transitions in a quantum well 

10 structure, and a plurality of injection layers, 

respectively disposed between the plurality of quantum 
well light emitting layers and forming a cascade 
structure along with the quantum well light emitting 
layers; and wherein the quantum well light emitting 

15 layers and the injection layers of the active layer are 

formed to contain group III-V compound semiconductors, 
each containing, as the group V elements, N (nitrogen) 
and at least one element selected from the group 
consisting of As, P, and Sb. 

20 [0018] In the case of a GaAs-QCL, which uses a 

GaAs substrate as the semiconductor substrate, 
ultrafine processing using a process technology, such 
as dry etching, etc., can be applied and thus even 
higher performance and higher functions can be 

25 anticipated, A GaAs substrate is also excellent in 

terms of cost since inexpensive raw materials can be 
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used. Also with regard to pulsed operation, GaAs-QCL's 
far surpasses InP-QCL's in peak output. GaAs-QCL's 
thus have various excellent characteristics over InP- 
QCL's and the making of GaAs-QCL's high in performance 
5 (for example, the realization of continuous (CW) 

emission at high temperature) is being desired. 
[0019] Meanwhile, a semiconductor laser that emits 

light of a wavelength in the infrared range generally 
requires a cooling device. This is because energy gap 

10 transitions that are smaller than those of a 

semiconductor laser that emits light of a wavelength in 
the visible range are used and the sensitivity to the 
heat distribution of carriers is thus extremely high. 
Even a quantum cascade laser requires cooling for CW 

15 operation and thus requires a cooling device. Cooling 

become^ especially necessary when the self-heating by 
' the element itself is high. 

[0020] Here, with the prior-art GaAs-QCL 

arrangement described in the abovementioned literature, 

20 in order to reduce the free carrier absorption inside 

the waveguide clad layer and the waveguide loss inside 
the laser due thereto, the intensity of light must be 
attenuated adequately before the waveguide clad layer 
is reached and thus the thickness of the waveguide core 

25 layer must be made adequately thick. There is thus the 

problem that self -heating becomes high due to increased 
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element resistance of a GaAs-QCL in the case where the 
GaAs-QCL is to perform CW emission at a high 
temperature, etc. 

[0021] On the other hand, with the quantum cascade 

5 laser of the above-described arrangement, the effective 

refractive index of the active layer can be made 
greater than that of the semiconductor sxibstrate formed 
of GaAs- The semiconductor substrate can thereby be 
made to function as a waveguide clad layer and the 

10 active layer can be made to function as a waveguide 

core layer. The waveguide loss of generated light, due 
to free carrier absorption inside the laser, can thus 
be reduced by such an arrangement. Also in this case, 
since the thickness of the element can be made thin, 

15 the element resistance can be reduced and self-heating 

of the element due to the element resistance can be 
restrained. The layer structure between the 

semiconductor substrate and the active layer can also 
be simplified. 

20 [0022] With the above-described quantum cascade 

laser, the composition ratio of N in the group III-V 
compound semiconductor is preferably no less than 0.1% 
and no more than 40%. By the composition ratio of 
nitrogen being no less than 0.1%, the containment of 

25 light in the active layer can be made definite. Also, 

by the composition ratio of nitrogen being no more than 
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40%, the band gap can be made small • 

[0023] Furthermore, the above-described cascade 

laser is preferably equipped with a semiconductor layer 
formed adjacent the active layer, disposed at least 
5 either between the semiconductor substrate and the 

active layer or at the side of the active layer 
opposite the semiconductor substrate side and formed of 
a group III-V compound semiconductor, containing, as 
the group V elements, N and at least one element 

10 selected from the group consisting of As, P, and Sb* 

In this case, the abovementioned semiconductor layer 
and the active layer can be made to function as a whole 
as a core layer • And since the effective refractive 
index of this core layer can be made greater than the 

15 refractive index of the semiconductor substrate formed 

of GaAs or furthermore greater than the effective 
refractive index of the active layer, light containment 
can be strengthened further. 

[0024] The present invention will be more fully 

20 understood from the detailed description given 

hereinbelow and the accompanying drawings, which are 
given by way of illustration only and are not be 
considered as limiting the present invention, 
[0025] Further scope of applicability of the 

25 present invention will become apparent from the 

detailed description given hereinafter. However, it 
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should be understood that the detailed description and 
specific examples, while indicating preferred 
embodiments of the invention, are given by way of 
illustration only, since various changes and 
5 modifications within the spirit and scope of the 

invention will be apparent to those skilled in the art 
from this detailed description. 
BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] Fig. 1 is a sectional side view showing the 

10 arrangement of a first embodiment of a quantum cascade 

laser- 

[0027] Fig. 2 is a diagram showing a cascade 

structure and intersubband transitions in a quantum 
well structure of an active layer. 
15 [0028] Fig, 3 is a sectional side view showing an 

example of the arrangement of a prior- art quantum 
cascade laser. 

[0029] Fig. 4 is a sectional side view showing the 

arrangement of a second embodiment of a quantum cascade 
20 laser. 

[0030] Fig. 5 is a sectional side view showing the 

arrangement of a third embodiment of a quantum cascade 
laser. 

[0031] Fig. 6 is a sectional side view showing the 

25 arrangement of a fourth embodiment of a quantum cascade 

laser. 
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[0032] Fig. 7 is a sectional side view showing the 

arrangement of a fifth embodiment of a quantum cascade 
laser. 

[0033] Fig. 8 is a schematic diagram showing an 

5 example of a cascade structure and intersubband 

transitions in a quantum well structure of an active 
layer. 

[0034] Fig. 9 is a table showing an example of the 

thickness, order of lamination, and carrier 
10 concentrations of the respective layers of the 

laminated units that form an active layer. 

[0035] Fig. 10 is a diagram showing the refractive 

index distribution and the light intensity distribution 

of the quantum cascade laser of Fig. 7. 
15 [0036] Fig. 11 is a sectional side view showing an 

example of the arrangement of a prior-art quantum 

cascade laser. 

[0037] Fig. 12 is a table showing an example of 

the thickness, order of lamination, and carrier 

20 concentrations of the respective layers of the 

laminated units that form an active layer, 
[0038] Fig. 13 is a diagram showing the refractive 

index distribution and the light intensity distribution 
of the quantum cascade laser of Fig. 11. 

25 [0039] Fig. 14 is a diagram showing the 

relationship of the composition ratio of nitrogen in 
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the GalnNAs, which forms the active layer, and the 
light containment factor* 

[0040] Fig* 15 is a schematic diagram of an 

example of the conduction band discontinuity between a 
5 quantum well layer and quantum barrier layers in a 

prior-art quantum cascade laser. 

[0041] Fig. 16 is a schematic diagram of an 

example of the conduction band discontinuity between a 
quantum well layer and quantum barrier layers in the 
10 quantum cascade laser of the fifth embodiment. 

[0042] Fig. 17 is a sectional side view showing 

the arrangement of a sixth embodiment of a quantum 
cascade laser. 

[0043] Fig. 18 is a diagram showing the refractive 

15 index distribution and the light intensity distribution 

of the quantum cascade laser of Fig. 17. 
[0044] Fig. 19 is a diagram showing the 

relationship of the thicJcness of the GaAs layer and the 
light containment factor of the quantum cascade laser 
20 of Fig. 17. 

[0045] Fig. 20 is a sectional side view showing 

the arrangement of a seventh embodiment of a quantum 
cascade laser. 

[0046] Fig. 21 is a diagram showing the refractive 

25 index distribution and the light intensity distribution 

of the quantum cascade laser of Fig. 20* 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0047] Preferred embodiments of this invention's 

quantum cascade laser shall now be described in detail 
along with the drawings. In the description of the 
5 drawings, the same elements shall be provided with the 

same symbols and redundant description shall be omitted. 
The dimensions and proportions of the drawings may not 
necessarily match those of the description. 
[0048] Fig. 1 is a sectional side view showing the 

10 arrangement of a first embodiment of this invention' s 

quantum cascade laser. Laser 1, shown in Fig. 1, is an 
AlGaAs/GaAs type quantum cascade laser (GaAs-QCL) that 
uses GaAs as the semiconductor material of the 
substrate. 

15 [0049] Quantum cascade laser 1 comprises a GaAs 

substrate (semiconductor substrate) 10, and the 
respective semiconductor layers of an active layer 11, 
waveguide core layers 12 and 14, and waveguide clad 
layers 13 and 15, which are formed on GaAs substrate 10. 

20 Also, of the side surfaces of quantum cascade laser 1, 

mirror surfaces, which form the optical resonator of 
this laser 1, are formed on two predetermined surfaces 
that oppose each other. 

[0050] Active layer 11 is a semiconductor layer 

25 that is formed on GaAs substrate 10 and generates light 

of a predetermined wavelength (for example, light in 
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the middle infrared wavelength range) by making use of 
intersubband transitions in a quantum well structure. 
In the present embodiment, in correspondence to the use 
of GaAs substrate 10 as the semiconductor substrate as 
5 mentioned above, active layer 11 is arranged as an 

AlGaAs/GaAs multiple quantum well structure that uses 
GaAs in quantum well layers and uses AlGaAs in quantum 
barrier layers. 

[0051] Specifically, active layer 11 is formed, by 

10 quantum well light emitting layers (quantum well active 

layers) and injection layers being laminated 
alternately, to have a cascade structure in which the 
quantum well light emitting layers are disposed in 
multiple stages. The number of quantum well light 
15 emitting layers and injection layers laminated are set 

suitably and is, for example, approximately a few 
hundred. 

[0052] Fig. 2 is a diagram showing the cascade 

structure and the intersubband transitions in the 

20 quantum well structure of the active layer. For the 

sake of description, in Fig. 2, among the laminated 
structure of the quantiom well light emitting layers and 
injection layers that form active layer 11, the cascade 
structure of three layers, that is, the two quantum 

25 well light emitting layers 102 and 104 and the single 

injection layer 103, sandwiched between light emitting 
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layers 102 and 104, is shown. 

[0053] As shown in Fig. 2, each of quantum well 

light emitting layers 102 and 104 is formed of quantum 
well layers 110 and quantum barrier layers 111* In 
5 each of light emitting layers 102 and 104, quantum 

levels n = 1, 2, and 3 are formed by these quantiam well 
layers 110 and quantum barrier layers 111. 
[0054] Also, injection layer 103 is disposed 

between light emitting layers 102 and 104. This 

10 injection layer 103 is formed of quantum well layers 

112 and quantum barrier layers 113, and quantum well 
layers 112 are formed to become narrower in width in 
the direction from light emitting layer 102 to light 
emitting layer 104. 

15 [0055] When a bias voltage is applied to quantum 

cascade laser 1, having active layer 11 with such a 
conduction band quantum level structure, electrons 101 
become injected selectively into the quantiim level of n 
= 3 of light emitting layer 102. An electron 101 that 

20 is injected into the quantum level of n = 3 transits to 

the quantum level of n = 2, and in this process, light 
hv of a wavelength corresponding to the energy level 
difference between the quantum levels of n = 2 and 3 is 
generated. 

25 [0056] Also, the electron 101 that has transited 

to the quantum level of n = 2 passes from the quantum 
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level of n = 2 through injection layer 103 and is 
selectively injected into the quantum level of n == 3 of 
light emitting layer 104. This electron 101 then 
transits from the quantum level of n = 3 to the quantum 
5 level of n = 2 in light emitting layer 104. In this 

process, light hv of a wavelength corresponding to the 
energy level difference between the quantum levels of n 
= 2 and 3 is generated. 

[0057] When for example the energy gap between the 

10 quantum level of n = 3 and the quantum level of n = 2 

is approximately 300meV in both cases, the wavelength 
of the light hv that is emitted from each of light 
emitting layers 102 and 104 will be of the middle 
infrared wavelength range. Light of such wavelength is 
15 resonated by the optical resonator of laser 1 and 

output as laser light of a predetermined wavelength. 
When a plurality of such quantum well light emitting 
layers and injection layers are laminated alternately, 
electrons move successively in a cascading manner among 
20 the quantum well light emitting layers and light hv is 

generated in the process of the intersubband transition 
at each light emitting layer. 

[0058] For active layer 11, having the cascade 

structure shown in Fig, 2, n-type waveguide core layers 
25 12 and 14, which are low-concentration doped layers, 

and n'*"'^-type waveguide clad layers 13 and 15, which are 
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high concentration doped layers, are disposed to form a 
waveguide structure by which the light generated in 
active layer 11 is guided inside laser 1. 
[0059] At the GaAs substrate 10 side (lower side 

5 in the Figure) of active layer 11, waveguide core layer 

12 and waveguide clad layer 13 are formed in that order 
from the active layer 11 side. Waveguide core layer 12 
is. a semiconductor layer formed of an n-type GalnNAs 
layer and is formed to be adjacent to active layer 11 

10 and be lattice matched with GaAs substrate 10. 

[0060] Waveguide clad layer 13 is a semiconductor 

layer formed of an n"^"*^-type GaAs layer and is formed 
adjacent waveguide core layer 12 at the side opposite 
the side of active layer 11. With such an arrangement, 

15 the refractive index of waveguide core layer 12 is 

higher than those of the adjacent active layer 11 and 
waveguide clad layer 13, A waveguide structure 
comprising core layer 12 and clad layer 13 is thus 
arranged. 

20 [0061] Also at the side opposite the GaAs 

substrate 10 side (upper side in the Figure) of active 
layer 11, waveguide core layer 14 and waveguide clad 
layer 15 are formed in that order from the active layer 
11 side. Waveguide core layer 14 is a semiconductor 

25 layer formed of an n-type GalnNAs layer and is formed 

to be adjacent to active layer 11 and be lattice 
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matched with GaAs substrate 10. 

[0062] Waveguide clad layer 15 is a semiconductor 

layer formed of an n*"*"-type GaAs layer and is formed 
adjacent waveguide core layer 14 at the side opposite 
5 the side of active layer 11. With such an arrangement, 

the refractive index of waveguide core layer 14 is 
higher than those of the adjacent active layer 11 and 
waveguide clad layer 15. A waveguide structure 
comprising core layer 14 and clad layer 15 is thus 

10 . arranged. 

[0063] A contact layer 16 is furthermore formed at 

the upper side of waveguide clad layer 15. By the 
above, quantum cascade laser 1, in which n'^'^'-type GaAs 
clad layer 13, n-type GalnNAs core layer 12, 

15 AlGaAs/GaAs active layer 11, n-type GalnNAs core layer 

14, n**-type GaAs clad layer 15, and contact layer 16 
are laminated in that order onto GaAs substrate 10, is 
arranged. The typical thiclcness and carrier 

concentrations of the respective semiconductor layers 

20 are as follows. 
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[0064] Table 1 





Thickness 


Carrier 
concentration 


n'^"^-type GaAs 
waveguide clad layer 
15 


l(4ia 


n = 6 X lO^^cm ^ 


n-type GalnNAs 
waveguide core layer 
14 


2,20[iia 


n = 4 X 10 cm 


AlGaAs/GaAs active 
layer 11 


1. 63[m 


Undope 


n-type GalnNAs 
waveguide core layer 
12 


2.20Miti 


n = 4 X lO^^cm"^ 


n'^^-type GaAs 
waveguide clad layer 
13 


lixm 


n = 6 X lO^^cm"^ 



[00 65] The effects of the quantum cascade laser of 

the above-described embodiment shall now be described • 
5 [0066] With quantum cascade laser 1 shown in Fig. 

1, active layer 11, having a cascade structure in which 
quantum well light emitting layers are disposed in 
multiple stages with injection layers in between, is 
provided with the waveguide structure wherein GalnNAs, 

10 which is a group III-V compound semiconductor 

containing N (nitrogen) as the group V element, is used 
to form waveguide core layers 12 and 14, which are 
adjacent active layer 11 and in which infrared light or 
other light generated inside laser 1 is guided. With 

15 an arrangement in which core layers 12 and 14 are 

formed from such a semiconductor material, the 
waveguide loss of generated light, due to free carrier 
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absorption inside laser 1, is reduced^ 

[0067] Fig. 3 is a sectional side view showing an 

example of the arrangement of a prior-art quantum 
cascade laser. Laser 9, which is shown in Fig. 3, is 
5 an AlGaAs/GaAs type quantum cascade laser that uses a 

GaAs substrate. 

[00 68] Quantum cascade laser 9 is arranged by 

laminating an n'^'^-type GaAs clad layer 93, an n-type 
GaAs core layer 92, an Al GaAs /GaAs active layer 91, an 
10 n-type GaAs core layer 94, an n^'^-type GaAs clad layer 

95, and a contact layer 96 in that order onto a GaAs 
substrate 90. 

[0069] Unli]ce quantum cascade laser 1, shown in 

Fig- 1, with quantum cascade laser 9, GaAs is used as 

15 the semiconductor material of waveguide core layers 92 

and 94, which are adjacent active layer 91. Also, 
though the typical thickness and carrier concentrations 
of the respective semiconductor layers are 
substantially the same as those shown in Table 1 for 

20 quantum cascade laser 1, with the present example, the 

thiclcness of each of n-type GaAs core layers 92 and 94 

is set to a somewhat thick value of 3. Sum. 
[0070] With quantum cascade laser 9 with such an 

arrangement, waveguide loss of light generated in 
25 active layer 91, due to free carrier absorption inside 

waveguide core layers 92 and 94, becomes a problem, and 
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for example, continuous emission under room temperature 
has hot been achieved even with the quantum cascade 
laser described in the literature of. Sirtori et al. 
Here, as indicated by the equation of the absorption 
5 coefficient a, the free carrier absorption in the 

waveguide structure inside a laser decreases in inverse 
proportion to the effective mass of an electron inside 
the waveguide. Thus in order to reduce the waveguide 
loss due to free carrier absorption, it is preferable 
10 to use a semiconductor material that will make the 

effective electron mass large in the waveguide core 
layers . 

[0071] Meanwhile, with quantum cascade laser 1 

shown in Fig, 1, GalnNAs, which contains N and is 

15 lattice matched with GaAs, is used as the semiconductor 

material of waveguide core layers 12 and 14 • The 
effective electron masses and the light absorption 
coefficients in a waveguide core layer using GaAs and 
in a waveguide core layer using GalnNAs with an added 

20 amount of N of 1,5% are shown in Table 2. 

[0072] Table 2 





GaAs 


GalnNAs, N = 1.5% 


Effective mass 


0.067 X mo 


0.097 X mo 


Absorption coefficient 


1 (Unity) 


0.69 



[0073] Here, mo indicates the mass of a free 
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electron. Also, absorption coefficients are shown with 
the absorption coefficient of the waveguide core layer 
using GaAs being set to !• As shown in Table 2, the 
effective electron mass inside a waveguide is made 
5 greater with the arrangement in which a group III-V 

compound semiconductor, containing N, is used as the 
semiconductor material of the waveguide core layers in 
a GaAs-QCL that uses a GaAs substrate- 

[0074] In this case, the free carrier absorption 

10 inside the waveguide core layers is made small and the 

waveguide loss of generated light inside the laser is 
reduced. With the example shown in Table 2 in which 
the added amount of N is set to 1.5%, the light 
absorption coefficient due to free carrier absorption 

15 in the GalnNAs waveguide core layer is reduced to 0,69 

times that of the prior-art GaAs waveguide core layer. 
[0075] Also with a quantum cascade laser that 

generates infrared light, etc., since the light that is 
generated is of a long wavelength, light containment 

20 inside the laser is difficult and it has been noted 

that the waveguide core layers and clad layers must be 
made thick in order to obtain an adequate light 
containment effect. However, when the waveguide layers 
are thus made thick, the serial resistance of the laser 

25 element increases. This increase of serial resistance 

becomes a problem especially with infrared 
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semiconductor lasers, which often require cooling. 
[0076] Meanwhile, the N-containing GalnNAs, which 

is used in waveguide core layers 12 and 14 of quantum 
cascade laser 1 shown in Fig. 1, is a semiconductor 
5 material that is greater in refractive index than GaAs . 

The refractive indices and thickness (\m) required for 
adequate light containment are shown in Table 3 for a 
waveguide core layer using GaAs and a waveguide core 
layer using GalnNAs with an added amount of N of 1.5%. 
10 [0077] Table 3 





GaAs 


GalnNAs, N = l.-5% 


Refractive index 


3.265 


3.45 


Required thickness {\aa) 


3.50 


2.20 



[0078] As shown in this Table 3, by replacing the 

GaAs, used priorly in the waveguide core layers of a 
GaAs-QCL, by GalnNAs, the effective refractive index of 

15 the core layer is increased. The thicJcness of the 

waveguide core layers and clad layers required for 
adequate light containment can thus be made thin. With 
the example shown in Table 3 in which the added amount 
of N is set to 1.5%, the core layer thickness of the 

20 GalnNAs waveguide core layer is reduced to 0.63 times 

that of the prior-art GaAs waveguide core layer. Also, 
by such reduction of the core layer thickness, the 
serial resistance of the laser element is reduced. 
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[0079] Furthermore with regard to the thickness of 

such waveguide core layers 12 and 14, waveguide core 
layers 12 and^ 14 are preferably formed to a 
predetermined thickness that has been set so that 
5 optical modes of higher orders will not be guided. By 

doing so, the light generated inside the laser can be 
guided and output satisfactorily, 

[0080] In general, the waveguide core layers 

applied to a quantum cascade laser arranged using a 

10 GaAs substrate are preferably formed of a group III-V 

compound semiconductor, containing N and at least one 
element among As, P, and Sb as the group V elements, 
and formed so as to be lattice matched with the GaAs 
substrate. By such an arrangement, the waveguide loss 

15 due to free carrier absorption can be reduced as 

described above and the core layer thickness required 
for light containment can be reduced. 

[0081] With regard to the amount of N added to the 

group III-V compound semiconductor used in the 
20 waveguide core layers, an added amount of 10% or less ^ 

is preferable for keeping the characteristics of the 
wave guide core layers favorable. 

[0082] As described above, with quantum cascade 

laser 1 of the arrangement shown in Fig. 1, since the 
" 25 free carrier absorption inside the waveguide core 

layers is reduced and the waveguide core layers can be 
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made thin, the temperature characteristics of the laser 
element is improved and operation at a high temperature 
(for example/ room temperature) is made possible. Also, 
since the waveguide core layers made low in loss, a 
5 quantum cascade laser of high output is realized. 

[0083] Also by the thinning of the waveguide core 

layers, the element resistance is reduced. Continuous 
(CW) emission at a high temperature is thus also 
enabled. Such effects are furthermore enhanced as the 

10 light generated by the laser becomes longer in 

wavelength. The realization of a laser light source of 
even longer wavelength range, for example, a high- 
output quantum cascade laser of the terahertz band is 
thus also made possible. 

15 [0084] Also with quanttim cascade laser 1, shown in 

Fig. 1, n"^^-type high-concentration doped layers are 
used as waveguide clad layers 13 and 15. By arranging 
a waveguide clad layer to contain such a high- 
concentration doped layer, the real part of the 

20 refractive index of the waveguide clad layer is reduced 

significantly, thereby enabling improvement of the 
light containment effect in the waveguide structure . 
By such improvement of the light containment effect, 
high-loss leakage of light into the plasmon mode, which 

25 occurs at a metal electrode - semiconductor interface, 

etc., can be restrained. 
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[0085] Quantum cascade laser 1, having the 

arrangement shown in Fig. 1, may for example be 
prepared using a gas source MBE {Molecular Beam 
Epitaxy) method. With this method, n^'^-type GaAs clad 
5 layer 13, n-type GalnNAs core layer 12, which is 

lattice matched with GaAs substrate 10, AlGaAs/GaAs 
active layer 11, in which quantum well light emitting 
layers and injection layers are laminated, n-type 
GalnNAs core layer 14, which is lattice matched with 

10 GaAs substrate 10, and n^'^-type GaAs clad layer 15 can 

be grown successively on top of GaAs sxabstrate 10 to 
form the laminated structure of quantiom cascade laser 1. 
[0086] Here, though the GaAs layer and the AlGaAs 

layer may be grown at a conventional growth temperature, 

15 that is, at around 600°C, the GalnNAs layer is 

preferably grown at approximately 450^*0 in 
consideration of the phase separation of In. Also, the 
high-concentration doped GaAs layers that are to become 
waveguide clad layers 13^ and 15 may be formed using Si, 

20 for example, as the dopant. 

[0087] Fig. 4 is a sectional side view showing the 

arrangement of a second embodiment of this invention's 
quantum cascade laser. As with laser 1 shown in Fig. 1, 
laser 2, shown in Fig. 4, is an AlGaAs/GaAs type 

25 quantum cascade laser that uses a GaAs substrate. 

[0088] Quantum cascade laser 2 is arranged by 
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laminating an n'*"*'-type GalnNAs clad layer 23, n-type 
GalnNAs core layer 12, AlGaAs/GaAs active layer 11, n- 
type GalnNAs core layer 14, n'^'^'-type GalnNAs clad layer 
25, and contact layer 16 in that order onto GaAs 
5 substrate 10. 

[0089] This quantum cascade laser 2 has 

substantially the same arrangement as quantum cascade 
laser 1 shown in Fig* 1, However, n^'^^-type GalnNAs 
layers 23 and 25 are used in place of n'*""^-type GaAs 

10 layers as the waveguide clad layers adjacent the 

waveguide core layers 12 and 14. The typical thickness 
and carrier concentrations of the respective 
semiconductor layers are the same as those shown in 
Table 1 for quantum cascade laser 1. 

15 [0090] High-concentration doped layers, having the 

same N-containing group III-V compound semiconductor as 
that of waveguide core layers 12 and 14 as the 
semiconductor material, may thus be used as the 
waveguide clad layers. Here, the high-concentration 

20 doped layer in the waveguide clad layer is effective 

for improving the light containment effect in the 
waveguide structure and restraining the leakage of 
light into the plasmon mode as mentioned above. On the 
other hand, such a high-concentration doped layer may 

25 be a cause of increase of free carrier absorption. 

[0091] However, an N-containing semiconductor 
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material/ such as GalnNAs, has the property that the 
effective electron mass inside a GalnNAs layer 
increases rapidly in accordance with the doping 
quantity. Thus by changing the waveguide clad layers 
5 from GaAs layers to GalnNAs layers, further reduction 

of the free carrier absorption is enabled. High- 
concentration doping into GalnNAs may be achieved using 
a dopant, such as Si, Se, Te, etc* 

[0092] Generally as such a waveguide clad layer, 

10 it is preferable to use a high-concentration . doped 

layer formed of a group III-V compound semiconductor 
containing N and at least one element among As, P, and 
Sb as the group V elements* 

[0093] Fig* 5 is a sectional side view showing the 

15 arrangement of a third embodiment of this invention' s 

quantum cascade laser. Laser 3, shown in Fig. 5, is an 
InGaAs/InAlAs type quantum cascade laser (InP-QCL) that 
uses InP as the semiconductor material of the s\ibstrate. 
[0094] Quantum cascade laser 3 comprises an InP 

20 substrate (semiconductor substrate) 30, and the 

respective semiconductor layers of an active layer 31, 
waveguide core layers 32 and 34, and waveguide clad 
layers 33 and 35 that are formed on InP substrate 30. 
Also, of the side surfaces of quantum cascade laser 3, 
25 mirror surfaces, which form the optical resonator of 

this laser 3, are formed on two predetermined surfaces 
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that oppose each other. 

[0095] Active layer 31 is a semiconductor layer 

that is formed on InP substrate 30 and generates light 
of a predetermined wavelength (for example, light in 
5 the middle infrared wavelength range) by making use of 

intersubband transitions in a quantum well structure. 
In the present embodiment, in correspondence to the use 
of InP substrate 30 as the semiconductor substrate as 
mentioned above, active layer 31 is arranged as an 

10 InGaAs/InAlAs multiple quantum well structure. 

[0096] Specifically, active layer 31 is formed, by 

quantum well light emitting layers (quantum well active 
layers) and injection layers being laminated 
alternately, to have a cascade structure in which the 

15 quantum well light emitting layers are disposed in 

multiple stages. The cascade structure, the 

intersubband transitions in the quantum well structure, 
etc., of active layer 31 are the same . as those 
described in regard to quantum cascade laser 1 shown in 

20 Fig. 1. 

[0097] For active layer 31, with the cascade 

structure, n-type waveguide core layers 32 and 34, 
which are low-concentration doped layers, and n*"^-type 
waveguide clad layers 33 and 35, which are high 

25 concentration doped layers, are disposed to form a 

waveguide structure by which the light generated in 
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active layer 31 is guided inside laser 3. 
[0098] At the InP substrate 30 side (lower side in 

the Figure) of active layer 31, waveguide core layer 32 
and waveguide clad layer 33 are formed in that order 
5 from the active layer 31 side. Waveguide core layer 32 

is a semiconductor layer formed of an n-type InNPAs 
layer and is formed to be adjacent to active layer 31 
and be lattice matched with InP substrate 30. 
[0099] Waveguide clad layer 33 is a semiconductor 

10 layer formed of an n'^'^-type InAlAs layer and is formed 

adjacent waveguide core layer 32 at the side opposite 
the side of active layer 31. In such an arrangement, 
the refractive index of waveguide core layer 32 is made 
higher than those of the adjacent active layer 31 and 

15 waveguide clad layer 33. A waveguide structure 

comprising core layer 32 and clad layer 33 is thus 
arranged. 

[0100] Also at the side opposite the InP substrate 

30 side (upper side in the Figure) of active layer 31, 

20 waveguide core layer 34 and waveguide clad layer 35 are 

formed in that order from the active layer 31 side. 
Waveguide core layer 34 is a semiconductor layer formed 
of an n-type InNPAs layer and is formed to be adjacent 
to active layer 31 and be lattice matched with InP 

25 substrate 30. 

[0101] Waveguide clad layer 35 is a semiconductor 
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layer formed of an n*'*""type InAlAs layer and is formed 
adjacent waveguide core layer 34 at the side opposite 
the side of active layer 31. In such an arrangement, 
the refractive index of waveguide core layer 34 is made 
5 higher than those of the adjacent active layer 31 and 

waveguide clad layer 35 • A waveguide structure 
comprising core layer 34 and clad layer 35 is thus 
arranged. 

[0102] A contact layer 36 is furthermore forined at 

10 the upper side of waveguide clad layer 35. By the 

above, quantum cascade laser 3, in which n'^'^-type 
InAlAs clad layer 33, n-type InNPAs core layer 32, 
InGaAs/InAlAs active layer 31, n-type InNPAs core layer 
34, n'^'^-type InAlAs clad layer 35, and contact layer 36 

15 are laminated in that order onto InP substrate . 30, is 

arranged- The typical thickness and carrier 

concentrations of the respective semiconductor layers 
are the same as those shown in Table 1 for quantum 
cascade laser 1 . 

20 [0103] The effects of the quantum cascade laser of 

the above-described embodiment shall now be described • 
[0104] With quantum cascade laser 3 shown in Fig. 

5, active layer 31, having a cascade structure in which 
quantum well light emitting layers are disposed in 

25 multiple stages with injection layers in between, is 

provided with the waveguide structure wherein InNPAs, 
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which is a group III-V compound semiconductor 
containing N (nitrogen) as the group V element, is used 
to form waveguide core layers 32 and 34, which are 
adjacent active layer 31 and in which infrared light or 
5 other light generated inside laser 3 is guided. With 

an arrangement in which core layers 32 and 34 are 
formed from such a semiconductor material, waveguide 
loss of generated light, due to free carrier absorption 
inside laser 3, is reduced. 

10 [0105] Also, by replacing the InGaAs, used priorly 

in the waveguide core layers of an InP-QCL, by InNPAs, 
the effective refractive index of the core layer is 
increased. The thickness of the waveguide core layers 
and clad layers required for adequate light containment 

15 can thus be made thin. 

[0106] In general, the waveguide core layers 

applied to a quantum cascade laser arranged using a InP 
substrate are preferably formed of a group III-V 
compound semiconductor,, containing N and at least one 

20 element among As, P, and Sb as the group V elements, 

and formed so as to be lattice matched with the InP 
substrate. By such an arrangement, the waveguide loss 
due to free carrier absorption can be reduced as 
described above and the core layer thicJcness required 

25 for light containment can be reduced. 

[0107] Fig. 6 is a sectional side view showing the 
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arrangement of a fourth embodiment of this invention's 
quantum cascade laser. As with laser 3 shown in Fig. 5, 
laser 4, shown in Fig* 6, is an InGaAs/InAlAs type 
quantum cascade laser that uses an InP substrate. 
5 [0108] Quantum cascade laser 4 is arranged by 

laminating an n'^'*'-type InNPAs clad layer 43, n-type 
InNPAs core layer 32, InGaAs/InAlAs active layer 31, n- 
type InNPAs core layer 34, n'*'*-type InNPAs clad layer 
45, and contact layer 36 in that order onto InP 

10 substrate 30. 

[0109] This quantum cascade laser 4 has 

substantially the same arrangement as quantum cascade 
laser 3 shown in Fig. 5. However, n"'''-type InNPAs 
layers 43 and 45 are used in place of n^'^-type InAlAs 

15 layers as the waveguide clad layers adjacent the 

waveguide core layers 32 and 34. The typical thiclcness 
and carrier concentrations of the respective 
semiconductor layers are the same as those shown in 
Table 1 for quantum cascade laser 1. 

20 [0110] High-concentration doped layers, having the 

same N-containing group III-V compound semiconductor as 
that of waveguide core layers 32 and 34 as the 
semiconductor material, may thus be used as the 
waveguide clad layers. Also by changing the waveguide 

25 clad layers from InAlAs layers to InNPAs layers, 

further reduction of free carrier absorption is 
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possible. High-concentration doping into InNPAs may be 
achieved using a dopant, such as Si, Se, Te, etc. 
[0111] Generally as such a waveguide clad layer, 

it is preferable to use a high-concentration doped 
5 layer formed of a group III-V compound semiconductor, 

containing N and at least one element among As, P, and 
Sb as the group V elements. 

[0112] This invention's quantum cascade laser is 

not limited to the above-described embodiments and 

10 various modifications are possible. For example, 

though an example of using a gas source MBE method was 
indicated in regard to the method of preparing the 
laminated structure in the quantum cascade laser, the 
laminated structure may be prepared instead by a solid- 

15 state source MBE method, in which a N (nitrogen) source 

is used as the plasma source, an MOCVD method, etc. 
[0113] Also, though for example with the quantum 

cascade laser 1 shown in Fig. 1, n-type GalnNAs core 
layers 12 and 14 are preferably lattice matched with 

20 GaAs substrate 10, since optical characteristics are 

given priority, some degree of lattice mismatching is 
tolerable as long as it is within a range that will not 
influence the laser characteristics excessively. 
[0114] Also, though with the arrangement examples 

25 described above, the composition ranges are those in 

which the added amount of N in the semiconductor 
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crystal is approximately 1 to 2% and thus extremely low, 
the above-described effects are expressed more 
prominently by increasing the added amount of N, 
Though problems in terms of crystallinity may occur in 
5 some cases when the added amount of N is increased, as 

long as it is within a range in which use as a 
waveguide layer is enabled, there is no problem in 
increasing the added amount of N. 

[0115] This invention's quantum cascade laser 

10 shall now be described further • 

[0116] The arrangement of a fifth embodiment of 

this invention's quantum cascade laser shall now be 
described with reference to Figs. 7 and 8. Fig* 7 is a 
sectional side view showing the arrangement of the 

15 quantum cascade laser 5 of the present embodiment. 

Laser 5, shown in Fig. 7, is a quantum cascade laser 
that uses GclAs as the semiconductor material of the 
substrate. 

[0117] Laser 5 is arranged by successively 

20 laminating active layer 51, waveguide clad layer 52, 

waveguide clad layer 53, and contact layer 54 on top of 
a GaAs substrate (semiconductor substrate) 50, which is 
doped to a low concentration of approximately 0.5 to 4 
X lO^^cm'^. Also, of the side surfaces of laser 5, 
25 mirror surfaces, which form the optical resonator of 

this laser 5, are formed on two predetermined surfaces 

36 



20 04$ 2fll2B mm SOEI PATET i LAW FIRM 



NO. ?715 P. 45 



that oppose each other. 

[0118] Active layer 51 is a semiconductor layer 

that is formed on GaAs substrate 50 and generates light 
of a predetermined wavelength (for example, light in 
5 the middle infrared wavelength range) by making use of 

intersubband transitions in a quantum well structure, 
[0119] Specifically, active layer 51 is formed, by 

quantum well light emitting layers (quantum well active 
layers) and injection layers being laminated 

10 alternately, to have a cascade structure in which the 

quantum well light emitting layers are disposed in 
multiple stages. That is, active layer 51 has a 
plurality of quantum well light emitting layers and a 
plurality of injection layers, respectively disposed 

15 between the plurality of quantum well light emitting 

layers and forming a cascade structure. The number of 
quantum well light emitting layers and injection layers 
laminated are set suitably, and, for example, in a case 
where a combination of a quantum well light emitting 

20 layer and an injection layer is regarded as a laminated 

unit, 36 such laminated units are laminated* The 
thiclcness of the laminated unit (thickness of the 
quantum light emitting layer and the injection layer in 
the lamination direction) is, for example, 

25 approximately 45.3nm. However, the film thickness of 

the laminated unit and the number of laminated units 
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laminated are not limited to the above* 
[0120] Fig, 8 is a schematic diagram showing an 

example of the cascade structure and the intersubband 
transitions in the quantum well , structure of the active 
5 layer 51. For the sake of description, in Fig. 8, 

among the laminated structure of the quantum well light 
emitting layers and injection layers that form active 
layer 51, the cascade structure of three layers, that 
is, the two quantum well light emitting layers 502 and 

10 504 and the single injection layer 503, sandwiched 

between light emitting layers 502 and 504, is shown. 
[0121] As shown in Fi g - 8 , each o f quantum we 1 1 

light emitting layers 502 and 504 is formed of quantum 
well layers 510 and quantum barrier layers 511. In 

15 each of light emitting layers 502 and 50.4, a subband Bl 

and a subband B2 are formed, for example, from 
localized quantum levels n = 1 and 2 by these quantum 
well layers 510 and quantxjm barrier layers 511. 
[0122] Also, injection layer 503 is disposed 

20 between light emitting layers 502 and 504. This 

injection layer 503 is formed of quantum well layers 
512 and quantum barrier layers 513, and quantum well 
layers 512 are formed to become narrower in width in 
the direction from light emitting layer 502 to light 

25 emitting layer 504, 

[0123] When a bias voltage is applied to quantum 
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cascade laser 5, having active layer 51 with such a 
conduction band quantum level structure, electrons 501 
become injected selectively into subband B2 of light 
emitting layer 502, An electron 501 that is injected 
5 into subband B2 transits to subband Bl, and by this 

intersubband transition, light hv of a wavelength 
corresponding to the energy gap between subbands Bl and 
B2 is generated. 

[0124] Also, the electron 501 that has transited 

10 to subband Bl of quantum well light emitting layer 502 

passes from subband Bl through injection layer 503 and 
is selectively injected into subband B2 of light 
emitting layer 504. This electron 501 then transits 
from subband B2 to subband Bl in quantum well light 

15 emitting layer 504, In this process, light hv of a 

wavelength corresponding to the energy gap between 

subbands Bl and B2 is generated. The light hv that is 
generated in each of quantum well light emitting layers 
502 and 504 is resonated by the optical resonator of 

20 laser 5 and output as laser light of a predetermined 

wavelength. When a plurality of such quantum well 
light emitting layers, which generate light by the 
above-described intersubband transitions in the quantum 
well structure, and injection layers are laminated 

25 alternately, electrons move successively in a cascading 

manner among the quantum well light emitting layers and 
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light hv is generated in the process of intersubband 
transition at each light emitting layer . 
[0125] In laser 5, in correspondence to the use of 

GaAs substrate 50 as the semiconductor substrate, the 
5 quantum well layers are formed of GalnNAs, which is a 

group III-V compound semiconductor containing As and 
nitrogen (N) as the group V elements, and the quantum 
barrier layers are formed of AlGaAs. Here, though 
various composition ratios may be considered for In and 

10 N in the general formula, GaxIni-xNyAsi-y of GalnNAs, for 

example, the composition ratio x of In is 0.03 and the 
composition ratio y of N of 0.0044. By arranging the 
quantum well light emitting layers and the injection 
layers using such a GalnNAs as the quantum well layers, 

15 the effective refractive index of active layer 51 is 

made greater than that of GaAs substrate 50. 
[0126] Referring now to Fig. 7, on the side of 

active layer 51 opposite the GaAs substrate 50 side (on 
the upper side in the Figure) of active layer 51, 

20 waveguide clad layer 52 and waveguide clad layer 53 are 

formed in that- order from the active layer 51 side. 
Waveguide clad layer 52 is a semiconductor layer formed 
of an n-type GaAs layer and has a refractive index that 
is lower than the refractive index of active layer 51. 

25 Waveguide clad layer 53 is a semiconductor layer formed 

of an n^'*'-type GaAs layer and has an even lower 
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refractive index than waveguide clad layer 52. 
[0127] Also as mentioned above, on top of 

waveguide clad layer 53 is formed contact layer 54 for 
putting laser 5 in contact with an electrode for input 
5 of current. 

[0128] An example of the thickness and the carrier 

concentrations of the respective semiconductor layers 
of the above-described laser 5 are shown in Table 4. 



[0129] Table 4 





Thickness 


Carrier 
concentration 


Waveguide clad layer 53 


l|jjn 


n = 6 X lO^^cm'^ 


Waveguide clad layer 52 


3. 5fim 


n = 4 X lO^^cm"^ 


Ga I nNAs / AlGaAs ac t i ve 
layer 51 


1 . 63njn 




GaAs substrate 50 




n = 0.5 - 4 X 
lO^^cm-^ 



10 

[0130] In Table 4, active layer 51 is formed by 

laminating, for example, 36 layers of laminated units, 
each comprising a quantum well light emitting layer, ^ 
formed by laminating the abovementioned quantum well 

15 layers and quantum barrier layers, and an injection 

layer, and in this case, the thickness (thickness in 
the lamination direction) , order of lamination, and 
carrier densities of the respective layers of a 
laminated unit are, for example, as shown in Fig. 9. 

20 The structure of a lamination unit is not restricted to 
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the structure of Fig. 9. 

[0131] The above-described laser 5 may for example 

be prepared using a gas source MBE (Molecular Beam 
Epitaxy) method. With this method, GalnNAs/AlGaAs 
5 active layer 51, waveguide clad layer 52, and waveguide 

clad layer 53 are grown successively on top of GaAs 
substrate 50 to form the laminated structure of laser 5. 
[0132] Here, though the AlGaAs layers, which form 

active layer 51, and the GaAs layers, which form 

10 waveguide clad layers 52 ^ and 53, may be grown at a 

conventional growth temperature, that is, at around 
600°C, the GalnNAs layers are preferably grown at 
approximately 450**C in consideration of the phase 
separation of In. Also, Si may be given as an example 

15 of the dopant for waveguide clad layers 52 and 53, 

which are GaA.s layers in which a dopant is implanted* 
[0133] With the above-described laser 5, it is 

important that the quantum well layers of active layer 
51 comprise GalnNAs. Since the quantum well light 

20 emitting layers and injection layers that form a 

cascade structure are formed using group III-V compound 
semiconductors that contain N, the effective refractive 
index of active layer 51 is higher than those of GaAs 
substrate 50 and waveguide clad layer 52 as mentioned 

25 above. A waveguide structure is thus formed by GaAs 

substrate 50, active layer 51, and waveguide clad layer 
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52, In other wordS/ active layer 51 has, in addition 
to the function of generating light/ the function of a 
waveguide core layer that guides the generated light. 
[0134] Fig. 10 is a diagram showing the refractive 

5 index distribution of laser 5 and the light intensity 

distribution of the light generated at active layer 51 
in laser 5. The abscissa axis indicates the distance x 
to each layer with respect to the interface between 
GaAs substrate 50 and active layer 51 in Fig, 7. The 

10 ordinate axis indicates the light intensity and the 

refractive index. Solid curve I and solid curve II 
indicate the light intensity distribution and the 
refractive index distribution, respectively. The 
calculation conditions are as follows. That is, it was 

15 deemed that the quantum well layer of active layer 51 

is formed of Gao.97lno.o3No.oo44Aso,9956 and the quantum 
barrier layer is formed of Alo.33Gao.67As. Also, active 
layer 51 was deemed to be formed by laminating 36 
laminated units, each comprising a quantum well light 

20 emitting layer, formed by laminating the abovementioned 

quantum well layers and quantum barrier layers, and an 
injection layer. The thickness (thickness in the 
lamination direction) and the order of lamination of 
each laminated unit were set as shown in Fig. 9. 

25 Furthermore, it was deemed that light of a wavelength 

of l\m is emitted from active layer 51 of the above- 
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described arrangement. 

[0135] Fig* 10 shows that the refractive index of 

active layer 51 in laser 5 is 3.30/ and thus as 
ixientioned above, active layer 51 is higher in 
5 refractive index than GaAs substrate 50 (refractive 

index: 3.23) and waveguide clad layer 52". Thus as can 
be understood from solid curve 1/ light containment in 
active layer 51 is enabled. The light containment 
factor in this case is 0.35. 

10 [0136] Here, for comparison, an arrangement 

example of a prior-art quantum cascade laser shall be 
described. Fig. 11 is a sectional side view showing a 
prior-art quantum cascade laser. Laser 8, shown in Fig. 
11, is a GaAs/AlGaAs type quantum cascade laser that 

15 uses a GaAs substrate. 

[0137] Laser 8 is arranged by the successive 

lamination of waveguide clad layer 81, waveguide core 
layer 82, active layer 83, waveguide core layer 84, 
waveguide clad layer 85, and contact layer 8 6 on top of 

20 GaAs substrate 80. 

[0138] Waveguide clad layers 81 and 85 are 

semiconductor layers comprising n'^'^-type GaAs layers 
and wave guide core layers 82 and 84 are semiconductor 
layers comprising n-type GaAs layers. Active layer 83 

25 has the same cascade structure as active layer 51 of 

Fig. 7- However, with active layer 83, the quantum 
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well layers are formed of GaAs and the quantum barrier 
layers are formed of AlGaAs^ 

[0139] An example of the carrier concentration of 

GaAs substrate 80 and the thickness and the carrier 
5 concentrations of the respective layers of laser 8 are 

shown in Table 5, 



[0140] Table 5 





Thiclcness 


Carrier 
concentration 


Waveguide clad layer 

85 


l|jim 


n = 6 X lO^^cm"^ 


Waveguide core layer 
84 


3 . 5|im 


n = 4 X lO^^cm"^ 


GaAs/AlGaAs active 
layer 83 


1 • 63]m 




Waveguide core layer 
82 


3 . 5\m 


n = 4 X lO^^cm"^ 


Waveguide clad layer 
81 


1 .0|>im 


n = 6 X lO^^cm"^ 


GaAs substrate 80 




n = 3 X lO^^cm'^ 



[0141] In Table 5, active layer 83 is formed by 

laminating, for example, 36 layers of laminated units, 
each comprising a quantum well light emitting layer, 
formed by laminating quantum well layers (GaAs) and 
quantum barrier layers (AlGaAs), and an injection layer, 
and in this case, the thiclcness (thickness in the 
lamination direction) , order of lamination, and carrier 
densities of the respective layers of a laminated unit 
are, for example, as shown in Fig. 12. 

[0142] Laser 8 differs from laser 5 in that GaAs 
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substrate 80, which is doped to a high concentration of 
approximately 3 x lO^^cm*^/ is used as the semiconductor 
substrate, GaAs is used as the quantum well layers of 
active layer 83, and a waveguide clad layer 81 and a 
5 waveguide core layer 82 are disposed between active 

layer 83 and GaAs substrate 80. 

[0143] Fig. 13 is a diagram showing the refractive 

index distribution and the light intensity distribution 
of laser 8. The abscissa axis indicates the distance x 

10 to each layer with respect to the interface between 

GaAs substrate 80 and waveguide clad layer 81 in Fig, 
11. The ordinate axis indicates the light intensity 
and the refractive index. Solid curve III and solid 
curve IV indicate the light intensity distribution and 

15 the refractive index distribution,, respectively. The 

calculation conditions are as follows. That is, it was 
deemed that the quantum well layer of active layer 83 
is formed of GaAs and the quantum barrier layer is 
formed of Alo.33Gao.67As. Also, active layer 83 was 

20 deemed to be formed by laminating 36 laminated units, 

each comprising a quantum well light emitting layer, 
formed by laminating quantum well layers and quantum 
barrier layers, and an injection layer. The thickness 
(thickness in the lamination direction) and the order 

25 of lamination of each laminated unit were set as shown 

in Fig. 12. Furthermore, it was deemed that light of a 
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vfavelength of 9|jim is emitted from active layer 83 of 
the above-described arrangement. The effective 

refractive index of active layer 83 is 3.21 and lower 
than the refractive indices of GaAs waveguide core 
5 layers 82 and 84. Thus in order to contain light in 

active layer 83, waveguide clad layers 81 and 8 5, which 
are doped to high concentrations, are provided. 
[0144] As shown in Fig. 13, since the effective 

refractive index of active layer 83 is less than the 

10 refractive indices of waveguide core layers 82 and 84, 

light is not adequately contained in active layer 83. 
Thus in order to reduce the free carrier absorption in 
waveguide clad layers 81 and 85, waveguide core layers 
82 and 84 has to be made adequately thick (for example, 

15 3.5fJim) to attenuate the light intensity before the 

light reaches waveguide clad layers 81 and 85. Since 
the thickness of laser 8 is thus increased, the serial 
resistance of the element is increased and high self- • 
heating occurs. 

20 [0145] On the other hand, with laser 5 of the 

present embodiment, since GalnNAs is used in active 
layer 51 as mentioned above, GaAs substrate 50 can be 
used as a waveguide clad layer. Waveguide clad layer 
81 and waveguide core layer 82 in laser 8 shown in Fig. 

25 11 can thus be omitted. Since the layer thickness 

above GaAs substrate 50 is thus thinned and the element 
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resistance is made small, self-heating of the element 
is reduced* CW operation at a thermoelectrically 
cooled temperature, CW operation at room temperature, 
as well as high output and other high performance can 
5 thus be realized in a quantum cascade laser that uses a 

GaAs substrate that is inexpensive and excellent in 
crystallinity • Furthermore, since there only a few 
layers on top of GaAs suJbstrate 50, the arrangement 
enables simplification of the manufacturing process and 

10 improvement of the manufacturing efficiency of laser 5. 

[0146] Also, normally with an interband transition 

laser based on electron-hole recombination, a lattice 
matched composition was avoided and a composition of a 
high strain region was used to avoid the weakening of 

15 containment with respect to the holes. This is because 

in the region of lattice matching with GaAs, the 
valence band level of GalnNAs approaches that of GaAs 
and a valeijce band discontinuity is thus substantially 
eliminated. 

20 [0147] With laser 5, since only transitions 

between conduction band subbands are used, GalnNAs of a 
region of lattice matching with GaAs can be used. And 
since by using GalnNAs that is lattice matched with 
GaAs, good heteroepitaxial growth can be achieved, 

25 laser 5 can be provided with even better crystallinity. 

[0148] Though in the above description of the 
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arrangement of laser 5, the composition ratio of 
nitrogen in the GalnNAs used in active layer 51 is set 
to 0.44% as an example, the composition ratio of 
nitrogen may be no less than 0*1% and no more than 40% 
5 and preferably no less than 0.1% and no more than 10%. 

[0149] Fig. 14 is a diagram showing the 

relationship of the composition ratio of nitrogen in 
the GalnNAs in laser 5 and the light containment factor 
of active layer 51. More specifically, the Figure 

10 shows the variation of the light containment factor (in 

other words, the variation of the refractive index) of 
active layer 51 when nitrogen is added to Gao.97Ino.03As, 
with which the composition ratio of In is 0.03. As can 
be understood from Fig. 14, in the region in which the 

15 composition ratio of nitrogen is less than 0.1% (the 

hatched part of Fig. 14) a calculation solution does 
not exist and light containment is not achieved. In 
other words, when the composition ratio of nitrogen in 
GalnNAs is less than 0.1%, the waveguide mode of active 

20 layer 51 is a leakage mode and laser emission does not 

occur. It is thus favorable for the composition ratio 
of nitrogen in GalnNAs to be no less than 0.1%. In the 
calculation, it was deemed that light of l\m is 
generated at active layer 51. 

25 [0150] Meanwhile, it is known that, due to the 

electronegativity of nitrogen being large in comparison 
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to the other atoms, GalnNAs and other group III-N-V 
type mixed crystal semiconductors exhibit a very large 
band bowing with respect to the mixed crystal 
i composition. Though it is predicted that when nitrogen 

I 5 is added to GaAs, the band gap will normally become 

greater since GaAs will become closer to GaN of wide 

I gap, it is known that due to the very large band bowing, 

I 

the band gap decreases below that of GaAs once and then 
increases towards that of GaN. According to Bellaiche 
j 10 et al., the band gap decreases rapidly until the 

' composition ratio of nitrogen is approximately 10% and 

thereafter decreases gradually and turns to increasing 
when the composition ratio of nitrogen becomes 40% or 
more (Phys. Rev. B. Vol. 54, pl7568 (1996)). 
15 [0151] Also, GalnAs, especially GaAs, becomes 

reduced in band gap and also becomes reduced in lattice 
constant with the addition of nitrogen. Meanwhile, the 
band gap decreases and the lattice constant increases 
with the addition of In. Thus though the composition 
20 of Gai-xInxNyAsi-y that is lattice matched with GaAs can 

{ 

take on various values according to In and N, since the 
reduction of the band gap due to addition of nitrogen 
occurs until the composition ratio of nitrogen is 
approximately 40%, the composition ratio of nitrogen is 
25 preferably no more than 40%. 

[0152] Though in the literature of C. Sirtori et 
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al*, it is indicated that laser emission at a 
wavelength of 9im occurred at '77K, with a quantum 
cascade laser, the shortest emission wavelength that 
can be achieved is dependent on the intrinsic 

5 conduction band discontinuity (AEd of the material. 

Fig» 15 is a schematic diagram of an example of the 
conduction band discontinuity between a quantum well 
layer W and quantum barrier layers B in a prior-art 
quantum cascade laser that uses a GaAs substrate. Fig. 

10 15 illustrates the case where quantum well layer W is 

formed of GaAs and quantum barrier layers B are formed 
of Alo.33Gao.67As. For the arrangement shown in Fig. 15, 
AEc is estimated to be 0.264eV and if it is presumed 
that half of this is used in intersubband transitions, 

15 light hvi of a wavelength of approximately 8|xm is 

generated. 

[0153] Priorly, the short wavelength limit of a 

quantum cascade laser using a GaAs substrate was 8(im as 
mentioned above, and the short wavelength limit of a 

20 quantum cascade laser using an InP substrate was 3.5jim. 

Though shortening of the wavelength of a quantum 
cascade laser has been achieved with nitride materials 
(GaN/AlN) with a large conduction band discontinuity, 
adequate results have not been obtained since there are 

25 no satisfactory conductive substrates and there are 

difficulties in terms of both design and manufacturing 
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[0154] On the other hand, shortening of the 

emission wavelength is enabled with the arrangement of 
laser 5. Fig. 16 is a schematic diagram of an example 
5 of the conduction band discontinuity in the case where 

a quantum well layer (for example, 510 in Fig. 8) is 
formed of Gao.97Ino.03No.02Aso.98 and quantum barrier layers 
(for example, 511 in Fig. 8) are formed of Alo.33Gao.67As. 
The conduction band discontinuity AEc in this case is 
10 estimated to be 0.611eV. If as in the above-described 

case, half of this AEc is presumed to be used in 
intersubband transitions, light hv2 of a wavelength of 
approximately 4fim is generated, thus far surpassing the 
short wavelength limit of 8fjun of the prior art. Due to 

15 the use of intersubband transitions, a quantum cascade 

laser has the characteristics of being fast in 
frequency response, small in relaxation oscillation, 
enabling multiple wavelength emission, etc. Thus if 
shortening of the emission wavelength is enabled as 

20 described above, application as a communication light 

source is also possible. 

[0155] As described above, with quantum cascade 

laser 5 of the arrangement shown in Fig. 7, since the 
quantum well layer of active layer 51 is formed of 
25 nitrogen-containing GalnNAs, the effective refractive 

index of active layer 51 is greater than that of GaAs 
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substrate 50. Since in this case, GaAs substrate 50 
can be made to function as a clad layer, active layer 
51 can be formed adjacently on top of GaAs substrate 50, 
The layer thickness above the semiconductor substrate 
5 of laser 5 is thus made thinner than that of the prior 

art, the element resistance of laser 5 is reduced, and 
self-heating by laser 5 is restrained. Laser 5 can 
thus be made high in output and continuous (CW) 
emission at high temperature is also enabled. 

10 [0156] Fig. 17 is a sectional side view showing 

the arrangement of a sixth embodiment of this 
invention's quantum cascade laser. As with laser 5 
shown in Fig, 7, laser 6, shown in Fig. 17 is a quantum 
cascade laser that uses a GaAs substrate. 

15 [0157] Laser 6 is arranged by successively 

laminating an n-type GaAs layer 61, GalnNAs/AlGaAs 
active layer 51, n-type GaAs layer 62, waveguide clad 
layer 53, and contact layer 54 on top of a GaAs 
substrate 60 that is doped to a high concentration of 

20 approximately 3 x lO^^cm"^. As with laser 5 of the 

fifth embodiment, of the side surfaces of laser 6, 
mirror surfaces, which form the optical resonator of 
this laser 6, are formed on two predetermined surfaces 
that oppose each other. An example of the carrier 

25 concentration of GaAs substrate 60 and the thickness 

and the carrier concentrations of the respective layers 
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of laser 6 are shown in Table 6 . The arrangement of 
active layer 51 is the same as that of the fifth 
embodiment and, in the present example, 36 laminated 
units of the arrangement shown in the table of Fig. 9 
5 are laminated. 



[0158] Table 6 





Thickness 


Carrier 
concentration 


Waveguide clad layer 
53 


l\m 


n = 6 X lO^^cm"^ 


Waveguide core layer 
62 


3.5njn 


n'= 4 X lO^^cm'^ 


GalnNAs/AlGaAs active 
layer 51 


1 . eSfJiia 




Waveguide core layer 
61 


IjLun 


n = 4 X lO^^cm"^ 


GaAs substrate 60 




n = 3 X lO^^cm"^ 



[01591 Laser 6 differs from laser 5 in that GaAs 

substrate 60, which is doped to a high concentration of 

10 approximately 3 x lO^^cm^^, is used as the semiconductor 

substrate and an n-type GaAs layer 61 is disposed 
between active layer 51 and GaAs substrate 60 • 
[0160] Laser 6 of the above-described arrangement 

also has active layer 51 that uses GalnNAs in the 

15 quantum well layers and the effective refractive index 

of active layer 51 is greater than those of GaAs 
substrate 60 and GaAs layers 61 and 62, Thus there is 
no need to provide waveguide clad layer 81 between 
active layer 51 and GaAs substrate 60 as was the case 
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in laser 8 of Fig. 11 and GaAs layer 61 can thus be 
made thin- Since the layer thickness above GaAs 
substrate 60 can thus be made thin, the element 
resistance can be reduced as in the fifth embodiment. 
5 Also as with the fifth embodiment, the emission 

wavelength of laser 6 can be shortened in comparison to 
prior-art quantum cascade lasers that use a GaAs 
substrate. 

[0161] Fig. 18 is a diagram showing the light 

10 intensity distribution and the refractive index 

distribution of laser 6 of the present embodiment. The 
calculation conditions are the same as those of the 
fifth embodiment. The abscissa axis indicates the 
distance x to each layer with respect to the interface 

15 between GaAs substrate 60 and GaAs layer 61 in Fig. 17. 

The ordinate axis indicates the light intensity and the 
refractive index. Solid curve V and solid curve VI 
indicate the light intensity distribution and the 
refractive index distribution, respectively. As can be 

20 understood from Fig. 18, n-type GaAs layer 61, which 

lies on top of GaAs substrate 60 and between GaAs 
substrate 60 and active layer 51, serves as core layer 
along with GaAs layer 62 at the opposite side across 
active layer 51 . 

25 [0162] Fig. 19 is a diagram showing the 

relationship of the thickness of GaAs layer 61 and the 
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light containment factor. The abscissa axis indicates 
the thickness of GaAs layer 61 and the ordinate axis 
indicates the light containment factor. As can be 
understood from Fig, 19, the light containment factor 
5 increases monotonously in the thickness range of 0.0(im 

to 2.0nia of GaAs layer 61 and decreases when the 
thickness exceeds 2.0|jiin. The thickness of GaAs layer 
61 is thus preferably no more than 2-Onia. 
[0163] Also, when the thickness of GaAs layer 61 

10 is close to l,0|LUu, the light containment factor is 

approximately 0.40 and when the thickness is close to 
2,0fm, the light containment factor is approximately 
0.43. As can thus be understood, the provision of GaAs 
layer 61 and suitable adjustment of its thickness 

15 enables reinforcement of the effect of containing light 

in active layer 51. 

[0164] Fig. 20 is a sectional side view showing 

the arrangement of a seventh embodiment of this 
invention's quantum cascade laser. As with laser 5 

20 shown in Fig. 7, laser 7, shown in Fig. 20 is a quantum 

cascade laser that uses a GaAs substrate • 
[0165] Laser 7 differs from laser 6 of the sixth 

embodiment in that undoped GalnNAs layer 71 and 72 are 
disposed adjacent active layer 51 and respectively 

25 between GaAs layer 61 and active layer 51 and between 

active layer 51 and GaAs layer 62. The typical 
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thickness of each of GalnNAs layers 71 and 72 is^ for 
example, 0,3jim. 

[0166] With the above-described arrangement, the 

respective layers between GaAs layer 61 and GaAs layer 
5 62, that is, GalnNAs layer 71, active layer 51, and 

GalnNAs layer 72 function as a whole as a core layer 
and form a waveguide structure along with GaAs 
substrate 60 and waveguide clad layer 53. 
[0167] Though the composition of the 

10 abovementioned GalnNAs layers 71 and 72 is the same as 

the composition of the GalnNAs used in active layer 51, 
the refractive index of GalnNAs layers 71 and 72 is 
higher than the effective refractive index of 
GalnNAs /AlGaAs active layer 51. ' The effective 

15 refractive index of the core layer, formed of the 

respective layers between the abovementioned GaAs 
layers 61 and 62, is thus made large. The light 
containment can thereby be strengthened. Since the 
effective refractive index of the core layer, formed of 

20 active layer 51 and GalnNAs layers 71 and 72 is greater 

than those of GaAs substrate 60 and GaAs layers 61 and 
62, GalnNAs layers 71 and 72 may be made thin, as 
exemplified by the typical thickness (0.3njn) of each of 
GalnNAs layers 71 and 72. The layer thickness of the 

25 entirety above GaAs substrate 60 is thus made thinner 

than that of the prior-art laser 8 shown in Fig. 11 and 
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the element resistance can be reduced. Also, as in the 
case of the fifth embodimentr the emission wavelength 
of the above-described laser 7 can be made shorter than 
in the prior-art quantum cascade laser using a GaAs 
5 substrate. 

[0168] Fig. 21 is a diagram showing the light 

intensity distribution and the refractive index 
distribution of laser 7. The calculation conditions 
are the same as those of the fifth embodiment- The 

10 abscissa axis and the ordinate axis are the same as 

those of Fig. 18. Solid curve VII and solid curve VIII 
in Fig. 21 indicate the light intensity distribution 
and the refractive index distribution, respectively. 
As can be understood from Fig, 21, the layers made up 

15 of the respective layers between GaAs layers 61 and 62 

function as a whole as a core layer. 

[0169] Though preferred embodiments of this 

invention have been described above, this invention is 
obviously not limited to the above-described 

20 embodiments. For example, though the quantum well 

layers in active layer 51 are formed of GalnNAs, it is 
sufficient that these be formed of a group III-V 
compound semiconductor, containing nitrogen (N) and at 
least one element among As, P, and Sb as the group V 

25 elements. 

[0170] Also, though an example of using a gas 
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i 
I 

1 source MBE method was indicated in regard to the method 

! of preparing the laminated structure in the quantum 

i 

I cascade laser, the laminated structure may be prepared 

j instead by a solid-state source MBE method, in which a 

5 N (nitrogen) source is used as the plasma source, an 

MOCVD method, etc. 

[0171] Also, though for example with laser 5 shown 

in Fig. 7, active layer 51 is preferably lattice 
matched with GaAs substrate 50, since optical 
10 characteristics are given priority, some degree of 

lattice mismatching is tolerable as long as it is 
within a range that will not influence the laser 
characteristics excessively. 

[0172] Furthermore, though a GaAs substrate doped 

15 to a low concentration is used as the GaAs substrate in 

the fifth embodiment, an undoped GaAs substrate may be 
used instead. Also, though a GaAs substrate doped to a 
high concentration is used as the GaAs substrate in 
each of the sixth and seventh embodiments, a GaAs 
20 substrate doped to a low concentration may be used 

instead. Also, though with the seventh embodiment, 
GalnNAs layers 71 and 72 are disposed at the respective 
outer sides of active layer 51 in the laminated 
structure on GaAs substrate 60, the GalnNAs layers do 
i 25 not have to be provided at both sides necessarily and 

i 

I these layers furthermore do not have to be GalnNAs 

: 
I 

! 
I 
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layers. For example, it is sufficient that a 
semiconductor layer, formed of a group III-V compound 
semiconductor, containing nitrogen and at least one 
element among As, P, and Sb as the group V elements, be 
5 disposed adjacent active layer 51 at least either 

between active layer 51 and GaAs substrate 60 or at the 
side of active layer 51 opposite the GaAs substrate 60 
side. 

[0173] Also, though in the description of the 

10 cascade structure of active layer 51, it was deemed for 

example that two subbands Bl and B2 are formed, this 
invention is not limited to cases in which two subbands 
are formed. That is, three or more subbands may be 
formed by changing the film thickness, etc., of the 

15 quantum well layers and quantum barrier layers. Light 

of different wavelengths can be generated by making use 
of different intersubband transitions in such cases. 
[0174] As has been described in detail above, this 

invention's quantum cascade laser provides the 

20 following effects. That is, by an arrangement in which 

an active layer, formed on a GaAs or InP semiconductor 
substrate and having multiple stages of quantum well 
light emitting layers with injection layers in between, 
is provided with a waveguide structure wherein 

25 waveguide core layers, by which infrared light or other 

light generated inside a laser is guided, are formed 
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using a group III-V compound semiconductor containing N 
as the group V element, waveguide loss due to free 
carrier absorption of the generated light is reduced* 
Also with this waveguide structure/ the effective 
5 refractive index of the waveguide core layer is 

increased. The thickness of the waveguide core layers 
and clad layers that are required for light containment 
can thus be made thin, 

[0175] Also, with this invention's quantum cascade 

10 laser, by using a group III-V compound semiconductor, 

containing nitrogen and at least one element among As, 
P, and Sb as the group V elements, in the active layer, 
the effective refractive index of the active layer can 
be made higher than that of the GaAs substrate. The 
15 semiconductor substrate formed of GaAs can thus be made 

to function as a clad layer and the thickness of the 
element can thereby be made thin. The element 
resistance is thereby reduced and self-heating can be 
restrained. Also, the layer structure between the 
20 semiconductor substrate formed of GaAs and the active 

layer can be simplified. 

[0176] Furthermore with this invention's quantum 

cascade laser, shortening of the emission wavelength 
can be realized. The short wavelength limit, which was 
25 priorly limited to the middle infrared range, can 

thereby be extended to the near infrared range. 
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[0177] From the invention thus described, it will 

be obvious that the invention may be varied in many 
ways. Such variations are not to be regarded as a 
departure from the spirit and scope of the invention, 
5 and all such modifications as would be obvious to one 

skilled in the art are intended for inclusion within 
the scope of the following claims. 
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